Traber DL. Selective V 1a agonism attenuates vascular dysfunction and fluid accumulation in ovine severe sepsis. Am J Physiol Heart Circ Physiol 303: H1245-H1254, 2012. First published September 7, 2012 doi:10.1152/ajpheart.00390.2012.-Vasopressin analogs are used as a supplement to norepinephrine in septic shock. The isolated effects of vasopressin agonists on sepsis-induced vascular dysfunction, however, remain controversial. Because V 2-receptor stimulation induces vasodilation and procoagulant effects, a higher V 1a-versus V2-receptor selectivity might be advantageous. We therefore hypothesized that a sole, titrated infusion of the selective V 1a-agonist Phe2-Orn8-Vasotocin (POV) is more effective than the mixed V1a-/ V 2-agonist AVP for the treatment of vascular and cardiopulmonary dysfunction in methicillin resistant staphylococcus aureus pneumoniainduced, ovine sepsis. After the onset of hemodynamic instability, awake, chronically instrumented, mechanically ventilated, and fluid resuscitated sheep were randomly assigned to receive continuous infusions of either POV, AVP, or saline solution (control; each n ϭ 6). AVP and POV were titrated to maintain mean arterial pressure above baseline Ϫ 10 mmHg. When compared with that of control animals, AVP and POV reduced neutrophil migration (myeloperoxidase activity, alveolar neutrophils) and plasma levels of nitric oxide, resulting in higher mean arterial pressures and a reduced vascular leakage (net fluid balance, chest and abdominal fluid, pulmonary bloodless wetto-dry-weight ratio, alveolar and septal edema). Notably, POV stabilized hemodynamics at lower doses than AVP. In addition, POV, but not AVP, reduced myocardial and pulmonary tissue concentrations of 3-nitrotyrosine, VEGF, and angiopoietin-2, thereby leading to an abolishment of cumulative fluid accumulation (POV, 9 Ϯ 15 ml/kg vs. AVP, 110 Ϯ 13 ml/kg vs. control, 213 Ϯ 16 ml/kg; P Ͻ 0.001 each) and an attenuated cardiopulmonary dysfunction (left ventricular stroke work index, PaO 2-to-FiO2 ratio) versus control animals. Highly selective V 1a-agonism appears to be superior to unselective vasopressin analogs for the treatment of sepsis-induced vascular dysfunction.
CATECHOLAMINE-REFRACTORY ARTERIAL hypotension and vascular dysfunction are hallmarks of septic shock (6) and play a pivotal role in the pathogenesis of multiple organ failure and death (42, 51) . Key mechanisms of vascular dysfunction include the activation of neutrophils and the subsequent interaction with the endothelium (diapedesis, "rolling and sticking") (20) as well as the increased production of nitric oxide via stimulation of the inducible nitric oxide synthase and reactive nitrogen species, such as peroxynitrite (22) . In addition, mediators released by the endothelial cells, like VEGF and angiopoietin-2, contribute to the development of vascular leakage (25, 32) .
The Surviving Sepsis Campaign currently suggests that the mixed V 1a /V 2 -receptor agonist AVP "may be subsequently added to norepinephrine" in volume-and catecholamine-refractory septic shock (8) . However, despite numerous experimental (38, 40, 43, 45) and clinical studies (9, 26, 29, 31, 41) using vasopressin agonists as a supplement to norepinephrine in septic shock, their potential benefit and the individual role of the different vasopressin analogs are still subjects of controversial debates (36, 50) .
Whereas vasoconstriction is mediated by vascular V 1a -receptors (1, 34) , stimulation of endothelial V 2 -receptors causes vasodilation (1, 17) , leukocyte rolling (16) , and secretion of procoagulant factors like von Willebrand factor (37) . Therefore, a higher selectivity for the V 1a -versus the V 2 -receptor could be advantageous in sepsis. However, the isolated effects of vasopressin analogs with different selectivity for the V 1a -receptor on vascular dysfunction and fluid accumulation have not yet been investigated in a clinically relevant animal model.
We hypothesized that vasopressin agonists reduce sepsisinduced vascular dysfunction and that a sole, titrated infusion of the highly selective V 1a -agonist Phe 2 -Orn 8 -Vasotocin (POV) is more effective than a titrated AVP infusion in attenuating vascular dysfunction in severe sepsis. Therefore, the present study was designed as a prospective, randomized, controlled laboratory experiment to elucidate the effects of these treatment strategies on neutrophil activation, nitrosative stress, and markers of vascular dysfunction, namely angiopoietin-2 and VEGF, as well as on cardiovascular and pulmonary function. The study hypothesis was tested in an established ovine two-hit model of severe sepsis resulting from methicillin resistant staphyloccocus aureus-induced pneumonia after smoke inhalation injury (11, 15) .
MATERIALS AND METHODS
The study was approved by the Animal Care and Use Committee of the University of Texas Medical Branch at Galveston and conducted in compliance with the guidelines of the Public Health Service Policy on Humane Care and Use of Laboratory Animals and the American Physiological Society.
Instrumentation and surgical procedures. The ovine model of methicillin resistant staphylococcus aureus pneumonia-induced sepsis has been described in detail by Enkhbaatar and colleagues (11) . In brief, 24 female sheep were fasted for 24 h before the experiment began, but had free access to water. After induction of anesthesia with i.m. injection of ketamine (KetaVedTM; Phoenix Scientific, St. Joseph, MO), the animals were weighed and instrumented for chronic hemodynamic monitoring under deep anesthesia (isoflurane; Abbott Laboratories, Abbott Park, IL) with a right femoral artery catheter (18-GA, 36 inches; Parke-Davis, Sandy, UT) and a Swan-Ganz thermal dilution catheter (REF 131F7; Edwards Lifesciences, Irvine, CA). In addition, the left atrium was cannulated (Silastic catheter; Dow Corning, Midland, MI) through a thoracotomy incision in the sixth intercostal space. All intravascular catheters were connected to pressure transducers with continuous flushing devices (model PX3X3; Baxter-Edwards Critical Care, Irvine, CA). The animals were then allowed to recover for 5 days with free access to water and food to recover from the surgical trauma. Buprenorphine (0.3 mg) on a regular basis and whenever needed was used for analgesic therapy.
A Shiley tube (inner diameter 10 mm; Tyco Healthcare Group, Pleasanton, CA) was used for tracheostomy and a Dover catheter (12-14 Fr; Sherwood Medical, St Louis, MO) for urinary bladder catheterization.
Experimental protocol. After 5 days of recovery, baseline (BL) measurements were performed in awake animals. After tracheostomy and placement of an urinary bladder catheter, sheep were subjected to 48 breaths of cotton smoke (Ͻ40°C) and methicillin resistant staphyloccocus aureus (4 ϫ 10 11 colony forming units) was placed into both lungs via bronchoscopy under deep anesthesia. After a 10-mmHg drop in mean arterial pressure (MAP) from BL, the awake animals were randomly assigned to receive an intravenous infusion of either POV, AVP (both provided by Ferring Research Institute, San Diego, CA), or the vehicle (0.9% saline solution; Baxter Healthcare, Deerfield, IL; n ϭ 6 each). During the experiment the investigators were unaware of the animal's group assignment. Six sham-operated animals were not injured and used to obtain reference values for histological and immunohistochemical analyses.
POV and AVP were started at a dose of 30 pMol/min (ϳ0.01 units/min AVP) and, if necessary, increased every hour by 30 pMol/ min to keep MAP above BL 10 mmHg. During the 24-h study period, all sheep were awake and mechanically ventilated according to an established protocol recognizing the specific physiology of the ovine airways (23) . To ensure normovolemia, Ringer's lactate (Baxter Healthcare) was continuously infused. It was started at 2 ml·kg Ϫ1 ·h
Ϫ1
and titrated to maintain hematocrit at BL Ϯ 3%. At the end of the 24-h study period, sheep were deeply anesthetized with ketamine (15 mg/kg) and euthanized by injection of 60 ml of saturated potassium chloride. Mechanical ventilation. All animals were mechanically ventilated (Servo Ventilator 900C; Siemens-Elema, Sweden) with a tidal volume of 15 ml/kg, a positive end-expiratory pressure of 5 cmH2O and an I-to-E ratio of 1:2 throughout the entire experiment. In this context, it is important to consider that the pulmonary dead space in sheep is higher than in humans (23) . Therefore, higher tidal volumes than in humans are required to guarantee adequate ventilation (23) . The inspiratory oxygen fraction was set at 100% for the first 3 h postinjury and was then adjusted to maintain sufficient oxygenation (arterial oxygen saturation, Ͼ95%; partial pressure of oxygen, Ͼ90 mmHg), whenever possible. The respiratory rate was initially set at 20 breaths/ min and was then adjusted according to individual blood gas analyses.
Hemodynamic monitoring. Hemodynamic measurements were performed at BL and 3, 6, 9, 12, 15, 18, 21, and 24 h. Mean arterial pressure, central venous pressure, left atrial pressure, mean pulmonary artery pressure, and heart rate were continuously recorded on a hemodynamic monitor (model 7830A; Hewlett Packard, Santa Clara, CA). Cardiac output was measured in triplicate with the thermodilution technique using 10 ml of ice-cold normal saline as indicator.
Cardiac index, left and right ventricular stroke work index, as well as pulmonary shunt fraction and PaO2-to-FiO2 ratio were calculated using standard equations (53) . Because sheep do not perspire and the inhaled gases were humidified, fluid balance was calculated as the difference of fluid input and urinary output (52) . During the experiment, the animals had free access to food but not to water to accurately determine fluid intake.
Laboratory variables. The arterial carboxyhemoglobin level was determined immediately after smoke inhalation to quantify the degree of injury. Arterial and mixed venous blood gas samples were analyzed for gas tensions, oxygen saturation, pH, base excess, and lactate concentration using a blood gas analyzer (GEM Premier 3000; Instrumental Laboratory, Lexington, MA) at BL and 3, 6, 9, 12, 15, 18, 21, and 24 h; all measurements were corrected for core body temperature. Neutrophil and platelet counts in the peripheral blood were immediately determined with a Hemavet 850 (Drew Scientific, Oxford, CT) adjusted for sheep at BL and 12 and 24 h. Hematocrit was measured by blood centrifugation in heparinized microhematocrit capillary tubes (Fisher Brand, PA). Plasma protein concentration was measured with a refractometer (National Instrument, Baltimore, MD). Oncotic pressure was determined through a semipermeable membrane in a colloid osmometer (model 4420; Wescor, Logan, UT). Citrated blood samples were centrifuged, and plasma samples frozen at Ϫ80°C for determination of nitric oxide concentration by measuring the intermediate and end products according to the manufacturer's protocol (nitrates/nitrites, Colorimetric Assay Kit; Cayman Chemicals, Ann Arbor, MI) at a later time point.
Immunhistochemical analyses. After death, representative samples from the right middle lobe and from transmural tissue of the heart were snap frozen in liquid nitrogen, stored at Ϫ80°C, and used for immunhistochemical analyses at a later time point. VEGF protein expression and 3-nitrotyrosine in lung tissue were determined using anti-3-nitrotyrosine monoclonal antibody (Cayman Chemical, Ann Arbor, MI) and anti-VEGF (A-20) (Catalog No. sc-152-G; Santa Cruz, Santa Cruz, CA). The primary antibodies were used with biotinylated secondary antibody and donkey anti-goat IgG horseradish peroxidase secondary antibody (Catalog No. HAF109; R&D Systems, Minneapolis, MN), respectively, as described previously (14) . Blots were completed using 20 g of protein and were quantified by the National Institutes of Health ImageJ (Image and Processing and Analysis in Java) scanning densitometry (National Institutes of Health, Bethesda, MD) and normalized to total actin (I-19) (Catalog No. sc-1616; Santa Cruz, Santa Cruz) expression.
Quantifications of myeloperoxidase activity and angiopoietin-2 concentration were performed according to the manufacturer's protocols using the NWLSS Myeloperoxidase Activity Assay (Northwest Life Science Specialties, Vancouver, WA) and the Human Angiopoietin-2 Immunoassay Kit (Invitrogen, Camarillo, CA), respectively.
Histological analyses. At the beginning of autopsy, the thoracic and the peritoneal cavity were carefully opened and the effusions were collected with a suctioning catheter to determine the amounts of thoracic and peritoneal fluids. For assessment of the bloodless lung wet-to-dry weight ratio, the right lower lobe of each animal was excised at necropsy and blood samples were drawn. Bloodless lung wet-to-dry weight ratio was calculated as an index of lung water content (33) . Samples of the right lung (middle and upper lobe) of each animal were excised, injected, and immersed with 10% phosphate-buffered formalin. Fixed samples were then embedded in paraffin, sectioned into 6-m slices, and stained with hematoxylin-eosin. A pathologist unaware of the study protocol evaluated the degree of bronchiolar obstruction, alveolar and septal edema, alveolar neutrophils, and bacteria as well as hyaline membranes according to a standardized protocol as described in detail by Cox and colleagues (7) .
Statistical analyses. Sigma Stat 3.1 software (Systat Software, San Jose, CA) was used for statistical analyses. After normal distribution (Kolmogorov-Smirnov test) was confirmed, analysis of variance methodologies appropriate for two factor experiments with repeated measures across time for each animal were used. Each variable was analyzed separately for differences among groups, differences across time, and for group by time interaction. Differences between groups in variables with single measures were analyzed using the one-way ANOVA. After the significance of different group effects over time was confirmed, post hoc pair-wise comparisons among groups were performed using the Student-Newman-Keuls procedure to adjust for the elevated false-positive rate found otherwise in multiple testing. Data are expressed as means Ϯ SE. Differences were considered statistically significant, when P was less than 0.05.
RESULTS

BL characteristics.
There were no differences among study groups in any of the investigated variables at BL. Mean body weight (31 Ϯ 1 kg) and arterial carboxyhemoglobin values measured immediately after smoke inhalation injury (65 Ϯ 3%) did not differ among groups. The average time to treatment initiation was similar in the AVP (8 Ϯ 1 h) and the selective V 1a -agonist group (7 Ϯ 1 h; P ϭ 0.645). Tables 1 and 2 . Sepsis-induced hemodynamic instability was characterized by decreases in MAP (P Յ 0.01 vs. BL each) and systemic vascular resistance index (SVRI; P Ͻ 0.05 vs. BL each) as well as an increase in heart rate (P Ͻ 0.001 vs. BL each) in all injured groups at 6 h. In addition, cardiac index increased in all three injured groups as compared with BL (12 h: P Ͻ 0.05 each). Whereas these changes progressed in control animals over the 24-h study period, the selective V 1a -agonist POV stabilized SVRI (9 -24 h: P Ͻ 0.05 vs. control each) and kept MAP within the target range after treatment initiation (12-24 h: P Յ 0.01 vs. control each). Contrary, AVP was only able to increase SVRI and MAP as compared with control animals at 24 h (Fig. 1A , Table 1 ).
Impairment of myocardial function was evidenced by a decrease in left ventricular stroke work index (P Ͻ 0.001 vs. BL each) in all injured groups (Table 1) . At 24 h, left ventricular contractility plotted as a Starling-based relation between left ventricular stroke work index and preload, namely the left atrial pressure, was severely impaired in the control and the Fig. 1B ). In addition, left atrial pressures were significantly lower in POV-treated animals than in both other injured groups (18 -24 h: P Ͻ 0.05 each). Pulmonary hemodynamics were characterized by progressive increases in mean pulmonary artery pressures and pulmonary shunt fraction in control and AVP-treated animals ( Table  2) . POV significantly attenuated these changes (18 -24 h: P Ͻ 0.01 vs. control each; P Ͻ 0.01 vs. AVP each). Furthermore, ventilatory pressures were lower in animals treated with vasopressin agonists than in the control group (18 h: P Ͻ 0.001 vs. control each for AVP and POV, respectively).
Acute lung injury, defined as a PaO 2 -to-FiO 2 ratio Ͻ300 mmHg (3), occurred after 15 h in control animals and after 18 h in the AVP group. Treatment with POV led to higher PaO 2 -to-FiO 2 ratios as compared with the other groups at 24 h (P Ͻ 0.05 each; Fig. 2B ).
Vascular leakage and fluid accumulation. After an initial increase in hematocrit (6 h: P Ͻ 0.001 vs. BL each), aggressive fluid resuscitation kept hematocrit within 3% of BL values in all study groups (Table 3) . After treatment initiation, the amounts of fluid, however, were lower in treated versus control animals from 18 to 24 h (AVP, P Ͻ 0.05 each; POV, P Ͻ 0.01 each; Fig. 3A ). In addition, POV reduced fluid rates as compared with AVP (18 -24 h: P Ͻ 0.05 each). At the same time, protein concentrations as well as plasma oncotic pressures significantly fell as compared with BL (24 h: P Ͻ 0.001 each).
This decrease was attenuated by POV (24 h: P Ͻ 0.01 vs. control each, P Ͻ 0.05 vs. AVP each; Table 3 ).
Sepsis-induced fluid accumulation was evidenced by a net fluid balance of about 10 ml·kg Ϫ1 ·h Ϫ1 from 9 to 24 h in control animals ( Fig. 3B ) resulting in a cumulative net fluid balance of 213 Ϯ 16 ml/kg (Fig. 4A ) and 45 Ϯ 17 ml/kg fluid in the chest and 7 Ϯ 2 ml/kg in the peritoneal cavity over the 24-h study period (Fig. 4B) . Whereas both vasopressin agonists significantly reduced all these variables of fluid accumulation, the selective V 1a -agonist POV was superior to AVP and led to a cumulative net fluid balance of only 9 Ϯ 15 ml/kg (P Ͻ0.001 vs. control and AVP).
Mechanisms and mediators of vascular dysfunction. Variables characterizing neutrophil migration, nitrosative stress, as well as concentrations of VEGF and angiopoietin-2 are presented in Fig. 5 and Tables 3 and 4 . Transvascular migration of neutrophils in control animals was represented by increases in pulmonary myeloperoxidase activity (P ϭ 0.026 vs. sham) and polymorphonuclear cells in the lungs (P Ͻ 0.001 vs. sham), as well as neutrophil reduction in the peripheral blood (24 h: P Ͻ 0.001 vs. BL). Both AVP and POV reduced pulmonary myeloperoxidase activity (P Ͻ 0.001 vs. control; Table 4 ). However, only the selective V 1a -agonist POV attenuated the decrease in neutrophil count (24 h: P Ͻ 0.05 vs. AVP and control; Table 3 ). There were no statistical significant differences in myeloperoxidase activity in cardiac tissues among study groups.
Nitrosative stress was evidenced by a significant increase in plasma levels of nitrites/nitrates, stable metabolites of nitric oxide (12 h: P Ͻ 0.001 vs. BL each; Fig. 5A ), in all injured groups as well as higher concentrations of 3-nitrotyrosine, a reliable in vivo biomarker of peroxynitrite formation, in the lung and the heart in control as compared with sham-operated 
Control
13
Values are means Ϯ SE; n ϭ 6 for each group. BL, baseline. *P Ͻ 0.05 vs. BL; †P Ͻ 0.05 vs. control; ‡P Ͻ 0.05 vs. AVP.
animals (P Ͻ 0.001 each; Table 4 ). Treatment with vasopressin agonists reduced plasma levels of nitrites/nitrates (12-18 h: P Ͻ 0.01 vs. control each), as well as myocardial (P Ͻ 0.001 vs. control each) and pulmonary 3-nitrotyrosine concentrations (POV: P Ͻ 0.001 vs. control). Notably, POV was associated with lower 3-nitrotyrosine concentrations than AVP-treated animals (P Ͻ 0.05 each). Severe sepsis led to higher myocardial and pulmonary tissue concentrations of VEGF in injured as compared with sham animals (P Ͻ 0.05 each; Table 4 ). Infusion of the selective V 1a -agonist POV significantly attenuated this increase (P Ͻ 0.001 vs. control each, P Ͻ 0.05 vs. AVP each). Angiopoietin-2 concentrations in lung and heart tissues were increased in control and AVP-treated animals as compared with the sham group (P Ͻ 0.05 each; Fig. 5B ). POV reduced angiopoietin-2 concentrations in the lung (P ϭ 0.046 vs. control) and the heart (P ϭ 0.016 vs. control, P ϭ 0.045 vs. AVP).
Metabolic changes. Septic pneumonia was associated with a decrease in base excess (P Ͻ 0.05 vs. BL each) and an increase in arterial lactate concentrations (P Ͻ 0.001 vs. BL each) in all groups. These metabolic changes continuously progressed in all animals during the observation period. However, the increase in arterial lactate concentration was attenuated by AVP and POV as compared with control animals (24 h: P Ͻ 0.05 each). There were no statistical differences in arterial pH between groups. The metabolic changes are summarized in Table 2 .
Histological analyses. Histological analyses of lung tissues (Table 4) revealed increased scores for septal and alveolar edema (P Յ 0.001 each), as well as an increased pulmonary bloodless wet-to-dry-weight ratio ( Fig. 2A ; P ϭ 0.003) in the control versus sham-operated group. Only the selective V 1a -agonist POV, but not AVP, was associated with a significant reduction of septal and alveolar edema as well as pulmonary wet-to-dry-weight ratio (P Ͻ 0.05 vs. control each). In addition, histological scores for bronchiolar obstruction and alveolar bacteria were higher in control as compared with shamoperated animals (P Ͻ 0.001 each). Both vasopressin agonists reduced these scores (bronchiolar obstruction: P ϭ 0.036 POV vs. control, alveolar bacteria: P Ͻ 0.01 each), but statistical significance was not achieved for AVP versus control in bronchiolar obstruction (P ϭ 0.055). There were no statistical differences in hyaline membranes between groups.
Doses of AVP and POV. AVP was titrated up to the predefined maximum dose of 180 pMol/min (ϳ0.06 units/min AVP) in four of the six animals at 14 h already. In contrast, only one animal in the POV group needed a dose of 180 pMol/min at all, and none of the other five was titrated above 120 pMol/min during the 24-h study period (Fig. 6) .
Survival. Survival rates over the 24-h study period were 50% in the control group, 83.3% in the AVP group, and 100% in the POV group (P ϭ 0.15).
DISCUSSION
The major findings of the present study are that a sole, titrated infusion of the highly selective V 1a -agonist POV 1) reduced vascular dysfunction by attenuating neutrophil migration, nitrosative stress, and concentrations of angiopoietin-2 Control
Values are means Ϯ SE; n ϭ 6 for each group. *P Ͻ 0.05 vs. BL; †P Ͻ 0.05 vs. control; ‡P Ͻ 0.05 vs. AVP. and VEGF; 2) reversed vascular leakage; 3) stabilized MAP more effectively; and 4) improved myocardial and pulmonary function as compared with the mixed V 1a /V 2 -agonist AVP and control animals in a clinically relevant two-hit model of ovine severe sepsis. Sepsis-induced vascular dysfunction was suggested by a marked fall in SVRI and MAP as well as a severe vascular leakage as evidenced by a decrease in plasma protein concentration and oncotic pressure in parallel with an increase in hematocrit as early as 6 h. Early fluid resuscitation was performed in accordance with the recommendations of the current guidelines for the treatment of severe sepsis and septic shock (8) . The observed reversal of hemoconcentration suggests a restoration of intravascular volume. SVRI and MAP, however, continued to decrease, thus necessitating the use of vasopressors (8) . Contrary with previous studies using constant infusions of vasopressin analogs as a supplement to norepinephrine, sole AVP or the selective V 1a -agonist POV were titrated up to 180 pMol/min (ϳ0.06 units/min AVP) to maintain MAP. The maximum dose was based on a study of Torgersen et al. (47) who reported the safety of AVP doses up to 0.067 units/min in patients with septic shock. Because POV has a similar potency (EC 50 ) as AVP at the human V 1a receptor (28, 54) , infusion preparations had the same concentrations. However, the selectivity of POV for the V 1a -versus the V 2 receptor is more than 220 times higher than AVP, thus resulting in a lack of V 2 -receptor activity (2) . This probably explains the more pronounced vasoconstriction in the POV group, as suggested by a higher SVRI and MAP as compared with AVPtreated animals.
Notably, POV stabilized MAP already at lower doses immediately after the start of the infusion, whereas AVP was only effective at higher doses. The present observation is in line with previous experimental (40) and clinical data (47), suggesting that higher doses of AVP than the currently recommended 0.033 units/min might be necessary to restore MAP in septic shock. In addition, the premature death of one AVPtreated animal probably contributes, at least in part, to the "increase" in mean MAP and SVRI in the AVP group at the end of the study period.
Vascular leakage, the second manifestation of vascular dysfunction, led to massive fluid accumulation in the control group as suggested by hourly calculated and cumulative net fluid balance, the amounts of fluids in the thoracic and abdominal cavity. Furthermore, control animals suffered from pulmonary edema as evidenced by increased bloodless wet-to-dry-weight ratios and higher histological scores for alveolar and septal edema in the lung. The titrated infusion of the mixed V 1a /V 2 -agonist AVP attenuated fluid accumulation as compared with the control group (213 Ϯ 16 ml/kg). However, after 24 h animals still had a cumulative fluid balance of 110 Ϯ 13 ml/kg.
Notably, the selective V 1a -agonist POV was not only more effective than AVP in reducing fluid accumulation, POV reversed the sepsis-induced vascular leakage resulting in an almost even cumulative fluid balance over the 24-h study period (9 Ϯ 15 ml/kg). The relevance of this finding is emphasized by a post hoc analysis of the VASST study, demonstrating an association between a positive fluid balance and mortality in septic shock (4) . The effect of POV becomes most obvious by the time course of the hourly calculated net fluid balance (Fig. 2B) . After treatment initiation, POV immediately reduced net fluid balance and finally led to negative values after 15 h. In accordance, urine output was significantly higher and the amount of fluid input, necessary to maintain Hematocrit, % Control 24
intravascular volume, significantly lower in the POV group as compared with the other groups after 12 h. In view of these data, it is most likely that POV, at least in part, restored endothelial function and stopped vascular leakage. Thus the amounts of fluid that were accumulated during the first hours before POV treatment were excreted at the end. This hypothesis is supported by an experimental study in rats demonstrating that platelet activating factor-induced vascular leak is reversed by a selective V 1a agonist and only attenuated by AVP (24) .
The performed analyses of neutrophil activation, nitrosative stress, and markers of vascular dysfunction provide further insights into the potential mechanism of action of selective V 1a agonists. Whereas both AVP and POV reduced neutrophil activation (myeloperoxidase activity in the lung, alveolar neutrophils) and plasma levels of nitric oxide as compared with control animals, only the selective V 1a -agonist POV reduced myocardial and pulmonary tissue concentrations of two important mediators of vascular dysfunction, namely VEGF and angiopoietin-2. VEGF, a potent stimulator of vascular leakage, is released from the endothelium, and plasma levels of VEGF correlate with the severity of sepsis and septic shock (35, 49, 55) . The angiopoietin-Tie2 system represents another important regulator in angiogenesis and endothelial inflammation (25) . Whereas binding of angiopoietin-1 to the Tie2-receptor closes the gaps between endothelial cells and prevents the leakage of protein and fluid from the vascular compartment to the interstitial space (19, 46) , angiopoietin-2 acts as a functional antagonist and promotes vascular leakage by disrupting the protective Tie2 signaling (27) . Multiple clinical studies showed a correlation between elevated angiopoietin-2 concentrations and the severity of illness (13, 21, 30) . Notably, in endothelial Weibel-Palade bodies angiopoietin-2 and von Willebrand factor are stored and secreted together (12) , and the release of von Willebrand factor is known to be mediated by V 2 -receptor activation (18) . Recently, our group was able to demonstrate that the mixed V 1a /V 2 -agonist AVP induces the release of von Willebrand factor in doses used to treat septic shock, whereas a selective V 1a -agonist does not (37) .
A more mechanistic explanation for the reduction of vascular leakage by POV is represented by a potentially greater vasoconstrictor effect on precapillary resistance vessels. Thereby, POV would cause a reduction of the post-toprecapillary resistance ratio and decrease the capillary hy- drostatic pressure. This hypothesis, however, needs to be verified in future studies. Based on the published evidence on this topic, the superior effect of POV versus AVP in treating vascular dysfunction might be caused by its lack of V 2 activity. This assumption is supported by a study of Traber (48) who showed that vascular leakage is promoted by V 2 -receptor stimulation in an ovine model of pneumonia-induced sepsis. The relevance of V 1a -receptor selectivity is further emphasized by an experimental trial reporting that a selective V 2 antagonist reduced metabolic, liver, and renal dysfunction as compared with norepinephrine and AVP in an ovine model of peritonitis-induced septic shock (39) .
In the present study impairment of myocardial function, as indicated by a low left ventricular stroke work index for a given left ventricular filling pressure (left atrial pressure), and pulmonary dysfunction, as suggested by PaO 2 -to-FiO 2 ratios Ͻ300 mmHg, were attenuated in POV-compared with AVPtreated and control animals. In addition to the reduction in vascular leakage and subsequent pulmonary edema, these findings may be explained by the attenuated nitrosative stress, as evidenced by lower concentrations of 3-nitrotyrosine in the lung and the heart in POV-treated animals as compared with the other groups. This assumption is supported by numerous experimental studies reporting the pivotal role of nitrosative stress in the pathogenesis of septic cardiomyopathy (44) as well as acute lung injury (10) .
This study has some limitations that we want to acknowledge. In a study with numerous outcome variables and time points the risk of false-positive results has to be taken into consideration. A second limitation is the estimation of left ventricular stroke work index by standard formulas and the use of a correlation of left ventricular stroke work index and left atrial pressure as an index of myocardial contractility, because inotropy should be assessed by load-independent measures. However, these are only available by echocardiography or calculations of end-systolic pressure-volume relationships (5). Furthermore, due to the two-hit model of smoke inhalation injury and methicillin resistant staphylococcus aureus pneumonia, pulmonary mechanics might be influenced by numerous pathophysiological factors. In addition, interpretation of the current data is limited by the use of previously healthy animals, whereas the majority of patients typically suffer from comorbidities. Another potential limitation is the lack of dose response studies in the present sepsis model. However, appropriate pharmacological studies with POV and AVP have been published recently (54) .
In summary, the present study provides evidence that a sole, titrated infusion of vasopressin analogs attenuates vascular dysfunction in ovine severe sepsis. Notably, the highly selective V 1a -agonist POV stabilized MAP more effectively and at lower doses than mixed V 1a /V 2 -agonist AVP. In addition, only POV, but not AVP, reversed vascular leakage and improved myocardial and pulmonary function as compared with control animals. The present findings suggest that the use of highly selective V 1a -receptor agonists may be superior to unselective vasopressin analogs for the treatment of severe sepsis and septic shock. The first phase II trial using a selective V 1a -agonist (ClinicalTrials.gov: NCT01000649) has been completed in October 2011, and the results should be available shortly.
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